©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

20th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-233-2

SRF2021, East Lansing, MI, USA
ISSN: 2673-5504

JACoW Publishing
doi:10.18429/JACoW-SRF2021-THPTEV004

SURFACE OXIDES ON Nb AND NbsSn SURFACES:
TOWARD A DEEPER UNDERSTANDING*
Z. Sunf, M. U. Liepe, T. Oseroff, R. D. Porter
CLASSE, Cornell University, Ithaca, NY, USA
T. Arias, Z. Baraissov, D. Muller, N. Sitaraman
Department of Physics, Cornell University, Ithaca, NY, USA
D. Johnson-McDaniel, M. Salim
Cornell Center for Materials Research, Cornell University, Ithaca, NY, USA
C. Dukes, LASP/NMCEF, University of Virginia, Charlottesville, VA, USA

Abstract

Surface oxides on Nb and Nbs;Sn SRF cavities, as a thin
“dirty” layer, could be critical to their performance as sug-
gested by recent theory. Although these oxides have been
studied in the past, we intend here to provide a deeper un-
derstanding based on a systematic study on coupon sam-
ples that have been processed under the different condi-
tions currently used in SRF cavity treatments. Our aim is
to obtain a more complete picture of the oxide evolution.
This then might help to explain the observed cavity perfor-
mance variation, and might allow designing a process to
achieve a designed, optimized surface with controlled ox-
ides types and thickness. We find that the surface ox-
ides are in amorphous phase that exhibits normal conduct-
ing behaviors, while the pentoxide further degrades with
time. Also, we observed a thin hydroxide layer on the
outermost surface and possibly Nb(OH)« motifs in the
bulk. Moreover, distinctive oxide structures were found in
NbsSn samples from vapor diffusion, electroplating, and
sputtering. The semiconducting SnOy appeared through
the oxide depth in vapor diffused Nb3Sn, while a ~1 nm
SnOy layer merely exists at the outermost surface of elec-
troplated Nb3Sn.

INTRODUCTION

The role of oxygen in superconducting radio-frequency
(SRF) cavities is not clear yet. We intend to investigate the
surface oxides and the oxygen impurities after different
acid and heat treatments. Surface oxides that are likely a
normal conducting phase on the superconducting surface
are theoretically critical to the RF performance due to the
proximity effect [1]. Route toward a perfect surface is be-
lieved to be either a dielectric oxide or a normal conducting
oxide of desired thickness (and electrical properties). How-
ever, it is challenging to achieve such perfect oxide sur-
faces.
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Although numerous studies [2-7] have systematically
characterized the surface oxides and investigated the oxi-
dation process on Nb surfaces, applying the learnings from
these materials investigations to fabricating a surface oxide
layer under a controlled manner on a cavity scale is not
straightforward. Eremeev [8] examined the RF response to
removal and re-growth of surface oxides via baking and air
exposure under modulated pressure and time, but the un-
derstanding of these results was not fully clear. The dis-
crepancies he observed between repeated treatments and
between their oxide characterization and the corresponding
RF results, suggest one probable cause — the variation in
treatment environment. This motivates us to gain a deeper
understanding of the surface oxide structure on Nb after
different processing conditions.

Also, new SRF materials such as Nb3Sn push the need
of surface oxide studies on these surfaces [9, 10]. For ex-
ample, Porter [9] observed a two-gap behavior on the BCS
resistance versus temperature curve for the NbsSn cavities,
which indicates a possible influence from the surface ox-
ides.

Moreover, new processes such as low- and mid-temper-
ature bakings together with nitrogen infusion and doping
bring about our attention on the complexity of involvement
of multiple impurities in the material system (at least oxy-
gen and nitrogen). For example, the nitrogen infused nio-
bium done by Koufalis [11] showed absolutely higher ox-
ygen concentration than nitrogen concentration by several
orders of magnitudes within several hundreds of nanome-
ters in depth. Recently, Fermilab also confirmed this obser-
vation. It is necessary to understand the role of oxygen in
the nitrogen-doped/infused and other baked niobium.

In this work, we present the oxide and oxygen results
from Nb and Nb3Sn coupon samples that were processed
or made by multiple treatments.

EXPERIMENTAL

Nb samples were prepared using ozone, long time O»/N»
soaking, nitrogen doping, HF soaking, electropolish (EP),
and buffered chemical polish (BCP). The sample infor-
mation and treatment details are summarized in Table 1.
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Table 1: Summary of Niobium Sample Treatment Conditions
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Sample ID S1 S2 S3 S4
Step # T1 T2 T3 T4 T1 Tl T1
EP + 800 C
HF acid Second Ozone ex- ljel:) 2584(-)(1){51": “Z(ig%)é(l)f’;i-
Treatment BCP soaking for | BCP for 30 | posure for 3 | 100 um EP &
30 min min days 02/N; flow | trogen dop-
for >1 day ing +5 um
light EP
Air expo- Several
. Several days Several months
sure time months

Sample 1 (S1) was used to examine 4 different treat-
ments, which minimized possible sample variation. These
results showing clear sensitivity to the corresponding pro-
cessing conditions also confirmed that the surface rough-
ness of the Nb samples barely affects accurate structural
and depth determination via X-ray photoelectron spectros-
copy (XPS). The other three samples (S2-4) were prepared
for their specific treatments, that include a series of typical
processes used in the SRF cavity preparation.

The ozone treatment was done using a Jelight 144AX
UV ozone generator. The sample was placed at the mini-
mum distance (~5 mm) away from the UV source. Moreo-
ver, the BCP, EP, HF soaking, degassing, and nitrogen dop-
ing followed the typical protocols.

These Nb samples were exposed to air after each treat-
ment, which matches with the cavity scenario. The initial
BCP polished (#S1T1), long-time O»/N> soaked (#S3T1),
and nitrogen doped (#S4T1) samples were placed in air for
several months. All other samples were sealed in the plastic
bag for several days before probed by XPS readily.

The NbsSn samples were prepared by three different
techniques — vapour diffusion [9, 12], thermal conversion
from electroplated-Sn [13-16], and sputtering [17].

These Nb and Nb3Sn samples were primarily character-
ized by XPS spectroscopy equipped with a UHV system
(base pressure: ~10-10 Torr) and monochromatic Al k-al-
pha X-rays. The energy resolution is 0.6-0.9 eV, and the
atomic resolution is 0.1 at.%. Depth profiling was done via
sputtering by Ar ions. The minimum sputter rate was cho-
sen, and the rate of 1.3 nm/cycle was determined. The sput-
ter rate was calibrated by a 100 nm SiO, reference sample
and a 2.4 pm thick Nb3Sn film.

Some samples were also cross-sectionally imaged using
FEI F20 and NION UltraSTEM 100 scanning transmission
electron microscopes (STEM). Energy-dispersive X-ray
spectroscopy (EDS) and electron energy loss spectroscopy
(EELS) under STEM were used to study the surface ele-
ments and structures.

RESULTS AND DISCUSSION

Niobium Surface Oxide Variation

Figure 1 shows the oxygen concentration profiles on Nb
surfaces after the different treatments. Clearly, the surface
oxides are extremely sensitive to specific treatments, lead-
ing to a large variation in structures.
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Figure 1: Oxygen concentration as a function of depth for
Nb surfaces after different treatments.

The BCP samples (#S1T1 and #S1T3) after exposure to
air for several days to months established the baseline of
surface oxide structures. The relatively fresh BCP sample
(#S1T3) showed the typical ~6 nm Nb,Os/NbO»/NbO ox-
ide stack without observing any oxygen in the Nb bulk that
was reported in the literature [2-7]. With longer exposure
time, we observed the partial decomposition of Nb,Os end-
ing with a large depth of oxygen impurities in the bulk and
a thickened oxide layer in the BCP sample (#S1T1).

The EP (#S2T1) and HF soaked (#S1T2) samples unex-
pectedly exhibited excessively large oxygen concentration
with thicker oxide depth and larger amount of oxygen im-
purities in the bulk as compared the BCP baseline. How-
ever, in earlier literature [18], the difference of surface ox-
ides on BCP and EP niobium was not significant. Interest-
ingly, decomposition of Nb,Os did not appear in these two
conditions, but instead, the thickness of Nb,Os together
with other oxides was enlarged.

The ozone treated (#S1T4) and long-time RT O»/N»
soaked (#S3T1) samples showed similar oxygen profiles
that nearly resembled the BCP plus long-time air exposure
baseline while introducing dramatic amount of oxygen im-
purities to the bulk region. One distinctive difference is the
ozone treatment yielded the typical oxide stack with
slightly increased oxide thickness, while the long-time
0,/N; soaked sample showed nearly none of Nb,Os motifs.
Note that the O»/N, soaked sample was also placed in the
air for several months, which suggests the decomposition
of Nb,Os is linked to the air exposure time (as no heat-re-
lated treatments were involved after air exposure). How-
ever, the nitrogen-doped sample (#S4T1) that was also ex-
posed to air for several months did retain the Nb,Os struc-
ture.
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The nitrogen-doped sample (#S4T1), besides capable to
maintain a thick Nb,Os layer on the surface, induced the
thickest oxide stack and the largest amount of oxygen in
the bulk as compared to all other samples studied. The ni-
trogen-infused sample studied by Koufalis [11] also
showed similar behaviors. However, further investigation
is required to confirm the excessive oxygen in the doped
sample is from the doping, or from air exposure for several
months, or from the light EP that is typically performed
right after the doping.

Accurate Identification of the Oxygen-Related
Structures

A challenge the author encountered is how to accurately
determine the oxide structures and distinguish the oxygen
interstitials (atomic absorption) and chemisorption in a ni-
obium system. After carefully reviewing existing niobium
oxide studies [2-7] and other metal oxidation studies [19],
the fitting approach was determined as shown in Fig. 2.
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Figure 2: (a) Depth profiling of the BCP polished niobium
surface that was exposed to air for several months. (b) Ex-
ample of Nb 3p peak fitting of XPS spectrum taken at the
3.9 nm depth, showing the oxide and interstitial structures.

Both Nb 3p and Nb 3d photoelectrons are being studied
depending on their instrumental sensitivity and calibration
in different XPS systems used in this work, but their fitting
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approaches barely differ. Figure 2 shows the metallic Nb
and oxides Nb,Os, NbO,, and NbO are assigned at the lit-
erature-reported binding energies, but Nb,O, a defective
NbO structure was not included in our fitting due to the
concern of energy resolution for differentiating Nb,O and
NbO binding energies.

In addition, we further identified a new oxygen intersti-
tial peak at a relatively higher binding energy based on
analysis for other metal systems [19], and the validity was
confirmed by comparing results from different niobium
surfaces.

Also, we observed a new identified peak at the relatively
lower binding energy. To confirm this peak is not from
spectrum residues, we extensively examined high resolu-
tion XPS scans with different low pass energies and meas-
urement cycles, which increases the measurement resolu-
tion while minimizing the measurement noise. Indeed, as
shown in Fig. 3, the new identified peak is obvious on a
500 C heated niobium surface. Further depth profiling led
to a decreased intensity of this peak but the peak persisted
after 4.5 nm surface sputtering. We suspect this peak is as-
signed to Nb(OH)y as the hydroxide motif was observed in
the O 1s peak but on the surface region during room tem-
perature scans.

Further analysis of this identified and possibly critical
peak is ongoing, and a detailed structural analysis on oxy-
gen-related structures for different acid- and heat-treated
niobium samples are expected in the future work.
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Figure 3: XPS Nb 3d spectrum taken under 500 C in situ
heating, showing a new identified peak at the relatively low
binding energy.

Oxide Variation on Nb3Sn Surfaces

The multi-gap behaviors observed in Nbs;Sn SRF cavi-
ties draw our attention to examining the oxide structures on
Nbs;Sn surfaces. Interestingly, we observed varied oxide
structures on samples made by different techniques as
shown in Fig. 4. The vapor-diffused sample showed mixed
SnOyx and Nb,Os on the outermost surface and some oxy-
gen-deficient Nb and Sn oxides embedded with metallic
Nb3Sn at the underneath ~8 nm region. Note that SnO, and
SnO are collectively assigned to SnOy in this work due to
the impossible deconvolution of their tiny binding energy
difference.
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By contrast, the electroplated-Sn converted NbsSn sur-
face showed a distinctive SnOy layer at the outermost sur-
face together with NbOy embedded in metallic Nbs;Sn at
the subsequent ~4 nm depth. STEM imaging with EDS and
EELS analysis showed that these oxides are in an amor-
phous phase. Valence band profiling showed a normal-con-
ducting or semiconducting pattern for the oxide layers.
Further analysis is being conducted to accurately determine
the electrical properties of the oxide layers.
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Figure 4: Surface oxide structures on Nb3;Sn samples made
by (a) vapor diffusion, (b) thermal conversion of electro-
plated-Sn, and (c) sputtering.
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Another important observation is the common presence
of oxygen interstitials in the Nbs;Sn bulk region. The XPS
scans observed deep oxygen presence in all Nb3;Sn samples
studied. This observation was confirmed under STEM im-
aging of some samples (more imaging will be carried out).
It should be noted here that the large surface roughness on
NbsSn surfaces could induce some measurement uncer-
tainty, but the existence of such oxygen interstitials is valid
due to the confirmation from atomic imaging.

Also, we found the sputtered Nb3Sn again showed a dis-
tinctive oxygen structure that is a thick NbOy layer on the
surface without any SnOy. Unlike other Nb3;Sn samples, we
only obtained one dataset from the sputtered samples. Con-
firmation of this result is expected by other sputtering
peers.

CONCLUSIONS AND FUTURE WORK

In summary, surface oxides on both Nb and NbsSn sur-
faces are being systematically examined at Cornell. The Nb
surfaces processed by different acid and heat treatments are
reported. Large variation in the oxide structures is ob-
served, showing the sensitive behavior during cavity prep-
aration. Accurate quantification of oxide structure and
thickness is being carried out. Detailed analysis together
with new results from in situ heating-stage studies will be
reported in the future.

Moreover, oxide variation is also observed on NbsSn
surfaces that are made from three different techniques. Ef-
forts will be continued on characterization of surface ox-
ides on new material systems [20].
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Some open discussions include (1) how to create a stand-
ard acid and heat treatment procedure, (2) how to design
the surface oxides in a controlled manner (ozone treatment
was tested in this work), (3) what is the role of oxygen in
the baked and nitrogen-doped/infused niobium, and (4)
how does the oxide variation observed in this work affect
the cavity performance. We aim to enrich our understand-
ing in these four aspects in the future work.
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